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Interannual variability of the upper ocean carbon cycle
at station ALOHA near Hawaii

Holger Brix and Nicolas Gruber

IGPP & Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles.

Charles D. Keeling

Scripps Institution of Oceanography, University of California, La Jolla.

Abstract. We investigate interannual variability of the upper ocean carbon
cycle in the subtropical North Pacific on the basis of a fourteen year time-
series (1988-2002) of carbon parameters from Station ALOHA, the site
of the U.S. JGOFS Hawaii Ocean Time-series program (HOT). The data
reveal substantial interannual variability in near surface concentrations of
dissolved inorganic carbon normalized to constant salinity (sDIC, peak-to-
peak amplitude of +4 ymol kg™!), computed ocean surface partial pressure
of COy (pCOy, +£6ppm), and the ¥C/12C ratio of DIC (£0.07%0). A
strong anti-correlation (r = —0.50) between interannual anomalies in sea-
surface temperature (SST) and sDIC is found, which tends to suppress the
correlation of either of these properties with pCOs. In contrast, no significant
correlation (p<0.05) is found between anomalies of the *C/'2C ratio of
DIC and any other parameter. A diagnostic box model analysis reveals
that interannual variability of near surface ocean sDIC is driven by air-sea
gas exchange, net community production, and lateral transport. In warmer
than normal years the seasonal carbon cycle tends to be weakened, with a
sDIC reduction in the mixed layer caused by diminished gas exchange and
lateral transport outweighing the effect of less intense sDIC removal by net
community production. This explains the observed anti-correlation between
SST and sDIC. Interannual (peak-to-peak) variability of air-sea gas exchange
(£0.4 mol m~2 yr~!, i.e. 40% of the annual mean value) is primarily governed
by strongly co-varying changes in SST and wind speeds. Net community
production varies interannually by up to 0.9 mol m~2 yr~! (39%) and tends
to be associated with changes in horizontal transport. Less than 20% of the
interannual variance in sDIC near Hawaii can be explained by the Pacific
Decadal Oscillation (PDO), and an even smaller fraction (less than 5%) by
the El Nifo-Southern Oscillation (ENSO). Because SST variations over a
sizable fraction of the North Pacific subtropical gyre vary in concert with
those at Sta. ALOHA, it is plausible that air-sea fluxes in this region vary also
synchronously, resulting in a variability of the atmospheric CO, sink strength
of the North Pacific subtropical gyre of up to £0.2 PgC yr—.



1. Introduction

The increase of atmospheric COs is not steady, but
shows substantial fluctuations from year to year [Ba-
castow, 1976; Conway et al., 1994; Keeling et al., 1995].
These anomalies, which range up to 2 PgCyr—! (1 PgC
= 10'%gC), are not driven by interannual variations
in fossil fuel emissions, as these variations are gener-
ally much less than 1 PgCyr~! [Houghton et al., 2001;
Sarmiento and Gruber, 2002]. This indicates that the
natural carbon cycle is far from being balanced over
the annual cycle, but that substantial amounts of car-
bon are exchanged anomalously between the ocean, ter-
restrial biosphere, and the atmosphere from year to
year. Although Bacastow [1976] pointed out already
nearly 30 years ago that these interannual variations in
the atmospheric COg growth rate are correlated with
the El Nino/Southern Oscillation (ENSO) phenomenon
[Philander, 1990], the magnitude and spatial pattern
of these anomalous fluxes and the mechanisms driv-
ing them are still not well understood [Heimann, 1995;
Quay, 2002].

Atmospheric budget considerations (e.g. Francey
et al. [1995], Keeling et al. [1995]), inversions of atmo-
spheric COz concentrations (e.g. Bousquet et al. [2000]
and Rdédenbeck et al. [2003]), as well as modeling stud-
ies of the land biosphere (e.g. Kindermann et al. [1996],
Cramer et al. [2001], and Sitch et al. [2003]) and of the
ocean (e.g. Winguth et al. [1994], Le Quéré et al. [2000],
and McKinley [2002]) have been applied to determine
the relative roles of the ocean and land biosphere in con-
tributing to anomalous COq fluxes and to estimate how
these fluxes are distributed around the globe (for a sum-
mary see also Peylin et al. [2004]). Keeling et al. [1995],
using concurrent observations of the concentration and
13C/12C ratio of atmospheric CO5 and an isotopic bud-
get calculation, found large anomalous fluxes for both
the ocean and the terrestrial biosphere with a peak-to-
peak amplitude of up to £2.5PgCyr~!. Francey et al.
[1995], employing a similar technique but their own at-
mospheric data, came to rather different conclusions.
They estimated that nearly all the variability observed
in atmospheric COs is driven by the land biosphere. Re-
cent studies relying on the distribution of atmospheric
CO4 and/or the isotopic composition of COy to invert
for the magnitude and spatial pattern of COs fluxes at
earth’s surface find a relative contribution in between
these two extremes, with the variability of the land bio-
sphere contributing about twice as strongly to the total
variability as the ocean [Rayner et al., 1999; Bousquet
et al., 2000; Baker, 2001; Rédenbeck et al., 2003].

All ocean modeling studies conducted so far show a
very small contribution of the ocean carbon cycle to
atmospheric COy variability [Winguth et al., 1994; Le
Quéré et al., 2000; McKinley, 2002], with a maximum
contribution of less than +0.5 PgCyr~!. These ocean
modeling studies also indicate that the variability in the
air-sea COq fluxes is dominated by the Equatorial Pa-
cific and driven by the large-scale changes in ocean dy-
namics associated with ENSO. During a positive phase
of ENSO (i.e. El Nino), upwelling of highly CO4 super-
saturated waters to the surface in the eastern equato-
rial Pacific is suppressed, resulting in a reduction of the
strong outgasing of CO5 that is typical for this region
[Keeling et al., 1989; Feely et al., 1999; Chavez et al.,
1999; Le Quéré et al., 2000; McKinley, 2002]. During
a negative phase of ENSO (i.e. La Nina), upwelling is
particularly strong, making this region an anomalous
source of COy to the atmosphere. In situ observations
[Feely et al., 1999; Chavez et al., 1999], and the results
from oceanic modeling studies [Le Quéré et al., 2000;
McKinley, 2002], as well as those from atmospheric CO4
inversions [Bousquet et al., 2000] agree generally on the
magnitude and timing of the anomalous fluxes of CO5 in
this region [Peylin et al., 2004]. These studies show that
the variability of air-sea COy fluxes from this region
does not exceed +£0.4PgCyr~!, ie. only about 20%
of the observed interannual variations in atmospheric
COs. The phase of the anomalous air-sea CO5 fluxes
from the equatorial Pacific tends to be opposite of the
observed atmospheric anomalies.

Given the large area of the extra-tropical oceans,
relatively small anomalies in the air-sea COq fluxes in
these regions can lead to substantial variations in atmo-
spheric CO,. In contrast to the equatorial regions, the
different methods to estimate the magnitude of inter-
annual variability in air-sea COq fluxes give rather dif-
ferent results in the extra-tropical regions [Peylin et al.,
2004]. Current ocean models simulate a small interan-
nual variability, with a strong tendency for the different
basins to compensate each other [Le Quéré et al., 2000;
McKinley, 2002]. Atmospheric CO5 inversions suggest,
on the other hand, much higher air-sea CO2 flux vari-
ability [Bousquet et al., 2000].

No in situ data exist on basin-wide scales to evalu-
ate these results. However, two long-term upper ocean
carbon time-series exist in the subtropical gyres that
permit us to gain insight into interannual variabil-
ity in the extra-tropical ocean carbon cycle on a re-
gional scale. These two time-series were established
as part of the U.S. Joint Ocean Global Flux Study
(JGOFS) program: one near Bermuda (Bermuda At-
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lantic Time-Series (BATS)), building on the long run-
ning time-series from Hydrostation ”S” [Michaels and
Knap, 1996], and one near Hawaii (Hawaii Ocean Time-
series (HOT) program [Karl and Lukas, 1996]). Both
JGOFS time-series programs are operating since 1988
[Lomas et al., 2002]. Interannual variability of the
oceanic carbon cycle near Bermuda was addressed al-
ready by several studies [Bates et al., 1996; Bates, 2001;
Bates et al., 2002; Gruber et al., 2002], while most car-
bon cycle studies at HOT focused on long-term trends
[Winn et al., 1998; Dore et al., 2003; Keeling et al.,
2004]. As a consequence, relatively little is known about
the magnitude of interannual variability in the upper
ocean carbon cycle near Hawaii and the processes that
control it.

Interannual variability in the upper ocean carbon cy-
cle near Bermuda is mainly controlled by the strength
of winter time convection [Bates, 2001; Gruber et al.,
2002]. Because DIC and nutrients increase with depth,
winters with deeper convection tend to entrain more
DIC and nutrients into the mixed layer. For those win-
ters, Gruber et al. [2002] reported enhanced biological
production (likely fueled by elevated nutrient availabil-
ity) and increased uptake of COq from the atmosphere,
a result of both stronger wind speeds and cooler sea-
surface temperatures (SST) that lower oceanic pCOs.
Such winters tend to be associated with negative phases
of the North Atlantic Oscillation (NAO), suggesting
that interannual variations seen near Bermuda might
be congruent with variations across the entire subtrop-
ical gyre of the North Atlantic.

In the Pacific at Sta. ALOHA, mixed layer depth
variability is substantially smaller than near Bermuda
and therefore has a smaller impact on the upper ocean
carbon cycle [Keeling et al., 2004]. Tt is currently un-
known, which other forcing factor is dominant in con-
trolling interannual variability of the upper ocean car-
bon cycle near Hawaii. One possibility are variations
in SST, which could force variations in air-sea gas ex-
change through their impact on solubility. SST anoma-
lies tend to vary in concert with ENSO across large re-
gions of the Pacific [Kawamura, 1994] due to the strong
forcing from the equatorial Pacific, either directly or
through teleconnections [Bjerknes, 1969]. However,
SST anomalies near Hawaii are only weakly correlated
with ENSO. The Pacific Decadal Oscillation (PDO,
Mantua et al. [1997]; Mantua and Hare [2002]) con-
stitutes another important climate mode in the North
Pacific. The impact of this interannual mode on sur-
face meteorology near Hawaii, though, is also relatively
small.

3

In order to investigate the impact of PDO and ENSO
and that of interannual variability of meteorological
forcing on the upper ocean carbon cycle near Hawaii
in general, we analyze an inorganic carbon data set
based on water samples taken from the mixed layer at
Sta. ALOHA and measured in the laboratory by the
Carbon Dioxide Research Group at the Scripps Insti-
tution of Oceanography [Keeling et al., 2004]. This
dataset together with other independent data (e.g. from
the HOT program [Lukas and Karl, 1999]) permits us
to apply a diagnostic box model [Gruber et al., 1998;
Keeling et al., 2004], which quantifies the main pro-
cesses controlling the upper ocean carbon cycle balance.
A brief outline of this model is given in section 3. The
analysis and discussion of the model output and a sta-
tistical analysis of the results is presented in section 4.
In section 5 we compare our results to independent es-
timates of air-sea gas exchange and carbon export. In
section 6, we discuss the relationship of interannual
variability at Sta. ALOHA with large-scale modes of
climate variability and also compare our results with
those obtained near Bermuda highlighting similarities
and differences between these two subtropical timeseries
sites. We also further discuss the role of the subtropical
oceans for the atmospheric COs budget. In the final
section, we summarize our results.

2. Observations

The dataset employed in this study is discussed in
detail by Keeling et al. [2004] with an emphasis on sea-
sonal cycles and long term trends. Figure la-b shows
the time-series for sea-surface temperature (SST) and
sea-surface salinity (SSS). The concentration of dis-
solved inorganic carbon in the upper ocean normalized
to a constant salinity of 35 (sDIC) is depicted in Fig-
ure 1c and the 3C/'2C ratio of DIC (referred to as
the reduced isotopic ratio §13C) is plotted in Figure 1d.
Figure 1le shows the partial pressure of CO5 in seawater
(pCOay), calculated from DIC, Alk, temperature, salin-
ity, and nutrients [Keeling et al., 2004]. The thick line
in Figure le depicts atmospheric pCOz (pCO3™), com-
puted from measured atmospheric COs mixing ratios at
Cape Kumakahi (Keeling et al. [1989] and updates).

Distinct seasonal cycles for sDIC, §3C, and com-
puted pCOs can be found in the upper ocean near
Hawaii, whereas sAlk (not shown) exhibits only short-
term drawdowns (see detailed discussion by Keeling
et al. [2004]). The partial pressure of COy and sDIC
show long-term increases over the duration of our records,
d'3C a long-term decrease. These trends can mostly be
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Figure 1. Time-series of upper ocean properties at station ALOHA from 1988 to 2002. (a) Sea surface temperature;
(b) Sea surface salinity; (c) Dissolved inorganic carbon (sDIC) normalized to a salinity of 35.0, (d) §3C of DIC
(inverted scale). (e) Oceanic pCOy calculated from DIC, Alk, temperature, salinity, and inorganic nutrients (see
text). In (e) the solid line shows atmospheric pCOy computed from monthly mean xCO» data measured at Cape
Kumakahi (see text). Open circles denote samples taken at approx. 5 m depth, while open triangles denote samples
taken at approx. 25 m depth. SST and SSS are from the HOT core program [Lukas and Karl, 1999]; all other data
are from the Carbon Dioxide Research Group at the Scripps Institution of Oceanography [Keeling et al., 2004].
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attributed to the uptake of isotopically light anthro-
pogenic COs from the atmosphere. Trends in sDIC
and pCO4 appear to be also a result of a change in SSS
around 1996/1997 (see Figure 1b) [Dore et al., 2003;
Keeling et al., 2004], causing an increase in alkalinity,
which tended to induce an increase in DIC so as to
maintain a constant partial pressure of COs (termed
dilution effect, see Keeling et al. [2004]). As it takes
about a year to equilibrate DIC in a 50 m deep surface
mixed layer with atmospheric COs, the surface ocean
COs system at Sta. ALOHA has not been able to fully
equilibrate with atmospheric COs in response to this
surface Alk perturbation, leading to elevated surface
ocean pCOy trends as well. According to Dore et al.
[2003] the salinity increase after 1996/1997 was primar-
ily a result of a dramatic reduction in local precipita-
tion. Keeling et al. [2004] suggested that the salinity
change might also be the result of a change in water
mass near Sta. ALOHA, and that this change might
be associated with a recent sign reversal of the PDO
[Chavez et al., 2003; Peterson and Schwing, 2003].

In order to focus on the interannual variability com-
ponent of our time-series, we removed from them mean
seasonal cycles and trends. This was accomplished by
fitting a linear function and harmonic functions of 12,
6, and 4 month periods to the data using the method
of least squares and then computing residuals. The re-
sulting anomaly time-series of SST, SSS, sAlk, sDIC,
§13C, and pCO; are displayed in Fig. 2 together with
smoothing spline fits [Enting, 1987] with a cut-off pe-
riod of about one year to emphasize interannual vari-
ability. Actual values for interannual variability here
and in the following are addressed as peak-to-peak.

Warm (positive) SST anomalies (Fig. 2a) existed in
1991/1992, 1995 to 1997, and in 2000/2001 with max-
ima in the spline fits of up to 0.5°C, while cold anoma-
lies prevailed from 1989 to 1991, 1993 to 1995, and
1998/1999. Anomalies of SSS are dominated by a drop
in 1994 and a strong increase in 1996/1997 (Fig. 1b and
Fig. 2b). sAlk anomalies (Fig. 2¢) follow the phasing of
SSS very closely with values of +15 ymol kg~!. Anoma-
lies of sDIC reach values of £5 umol kg~! compared to
its mean seasonal amplitude of 15 ymol kg=! (Fig. 2d).
Interannual anomalies of 6*3C (Fig 2e) reach values of
+0.07%o0, more than half of the amplitude of the sea-
sonal cycle (0.10%o). Interannual variability of pCOq is
also distinct (Fig. 2f) with anomalies of +6 ppm, com-
pared to a seasonal amplitude of 20 ppm.

In regard to interannual anomalies (see Table 1) SST

and SSS are negatively correlated (linear correlation co-
efficient, r=—0.49). Positive SST anomalies tend to
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coincide with negative sDIC anomalies and vice versa
(r=—0.50). This negative correlation leads to a sup-
pression of the correlation of either with surface ocean
pCO; (Fig. 2f), because any increase in pCOs resulting
from a positive SST anomaly tends to be offset by a de-
crease in pCOg resulting from a negative DIC anomaly.
A similar canceling effect exists for the seasonal cycle
of pCOy [Keeling et al., 2004], whereby SST dominates
over the impact of DIC. By contrast, the impact of sDIC
anomalies tend to prevail over SST anomalies on inter-
annual time-scales, leading to a stronger correlation of
sDIC with pCOy (r=+0.42 compared to r=40.16 for
SST). This is especially the case in autumn (defined
here as August through November: ASON), when the
correlation between sDIC and pCOs is r=+0.73. In
spring/summer (April through July: AMJJ) the impact
of SST dominates, while in winter (December through
March: DJFM) the impact of SST and sDIC anomalies
nearly cancel, yielding negligible correlations.

The influence of SSS on Alk is reflected in the
high correlation between the two quantities (r=+0.89),
SSS and DIC show an even higher positive correlation
(r=40.94). DIC and Alk have opposite effects on pCOa,
which explains the small and not significant correlation
of SSS with pCOs (r=+0.26). Salinity therefore has
only a small influence on interannual variability of pCOq
at Sta. ALOHA, although we have shown that it is of
importance for explaining changes in long-term trends
[Keeling et al., 2004]. It is interesting to note that salin-
ity normalized alkalinity, sAlk, is negatively correlated
with SSS (r=-0.40, also compare Figs. 2b and c¢). The
connection between the two quantities cannot be due to
freshwater fluxes as these would actually lead to a posi-
tive correlation. We therefore interpret this correlation
to reflect changes in water masses, consistent with a
global scale negative correlation between SSS and sur-
face sAlk [Gruber et al., 1999].

Correlations of 63C with other quantities are gener-
ally not significant at the 95% confidence level.

3. The diagnostic model

We apply a diagnostic box model to deduce the pro-
cesses causing the observed interannual variability of
the upper ocean carbon cycle near Hawaii. The model
is based on the work of Gruber et al. [1998] and was
employed by Gruber and Keeling [1999], Gruber et al.
[2002] and Keeling et al. [2004]. A conceptually simi-
lar model was used by Quay and Stutsman [2003]. The
model setup used for the present study is described in
detail by Keeling et al. [2004]. We confine ourselves here
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Figure 2. Time-series of anomalies of (a) SST, (b) SSS, (c) sAlk, (d) sDIC, (e) 6*3C, and (f) pCO3 at Sta. ALOHA.
The interannual anomalies have been determined by subtracting linear trends and by removing the average seasonal
cycle, computed by fitting harmonic functions with periods of 12, 6, and 4 months to the data. Smoothing spline fits
with a cut-off period of about one year have been added (lines) to emphasize the interannual variability component
of the anomalies.
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Table 1. Correlations between the time-series of interannual anomalies of various observed quantities at
Sta. ALOHA. Values in brackets give the likelihood (in %) that correlations are not random; correlations with
p<0.05 are in bold face, with p>0.05 in italics). The correlations were computed from 4-monthly averages (DJFM,
AMJJ, and ASON).

SST SSS DIC sDIC Alk ® sAlk®  §13C pCO,  MLDP

SST 1.00 -0.49 -0.62 -0.50 -0.48 0.25 0.05 0.16 -0.34
(99.8%) (>99.9%) (99.8%) (99.8%) (87.1%) (22.5%) (65.3%) (96.0%)

SSS 1.00 0.94 0.04 0.89 -0.40 0.10 0.26 0.36
(>99.9%) (18.1%) (>99.9%) (98.7%) (45.2%) (88.9%) (97.2%)

DIC 1.00 0.35 0.89 -0.80 0.09 0.35 0.42
(96.8%) (>99.9%) (93.7%) (41.4%) (97.0%) (99.1%)

sDIC 1.00 0.15 0.15 0.06 0.42 0.27
(61.5%) (68.2%)  (26.4%) (99.1%) (89.3%)

Alk 1.00 -0.01 0.12 0.10 0.33
(5.7%)  (51.9%) (43.5%) (95.5%)

sAlk ® 1.00 0.01 -0.39 0.1
(4.4%) (98.5%)  (60.5%)

53¢ 1.00 0.17 0.04
(70.6%) (18.6%)

pCO, 1.00 0.20
(76.4%)

MLDP 1.00

* data from CDRG [Keeling et al., 2004] with seven additional values from the HOT data set [Lukas and Karl, 1999] added

in 1994.

> Estimated from CTD temperatures and salinities [Lukas and Karl, 1999] applying the variable og criterion of Sprintall
and Tomczak [1992] with a temperature difference between the surface and the base of the mixed layer of 0.5°C.
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to a short overview.

The model takes advantage of concurrent §'3C and
DIC data and identifies the following processes influenc-
ing these quantities in the surface mixed layer: air-sea
gas exchange, vertical diffusion, entrainment, horizontal
transport, and net community production (NCP), i.e.
the difference between net primary production and het-
erotrophic respiration [ Williams, 1993]. The first three
processes are estimated on the basis of observations and
simple formulas. Horizontal transport and NCP are di-
agnosed by the model on the basis of budget constraints
that require concurrent observations of DIC and §'3C.

The model is forced by data which have been sepa-
rated into three components, a seasonal, a linear trend,
and an interannual spline fit, as described in section 2.
From these data, a forcing function is constructed con-
sisting of the three annual harmonics and the smooth-
ing spline fit, S(t), but excluding any linear trend of the
data, i.e.

F(t) = H0+23: [ak sin (QWTM> + by, cos <27TTM)]+S(1€),

k=1
(1)
where t denotes a calendar day between 1988 and 2002
and T the length of each calendar year.

For details with regard to the particular choice of in-
put data and parameters for the diagnostic model, the
reader is referred to Keeling et al. [2004]. The model
equations are solved for the period from July 1988 until
July 2002. The mean seasonal variability diagnosed by
the model is described by Keeling et al. [2004]. To ad-
dress interannual variability, this mean seasonal cycle
was subtracted from the fourteen year time-series for
all diagnosed quantities.

4. Diagnostic modeling results

Air-sea gas exchange, lateral transport, and NCP ex-
hibit substantial interannual variability with peak-to-
peak flux anomalies of up to £1 mol m~2 yr—!, whereas
flux anomalies for diffusion (not shown) and entrain-
ment are small (Figure 3). A comparison of these
flux anomalies with the annual mean carbon fluxes

BRIX ET AL.

transport, and NCP tend to persist for several years.
This is particularly evident between 1990 and 1992,
when anomalies of both gas exchange and lateral trans-
port remain negative for three years, while anomalies of
NCP stay positive (Fig. 3). This substantial lower fre-
quency variability is also evident in SST, with similar
two to four year periods.

Interannual variability also brings about substantial
shifts in the relative contribution of the different pro-
cesses to upper ocean carbon cycle variations over time.
During 1995 to 1996, for example, the uptake of COq
from the atmosphere was the dominant process supply-
ing sDIC to the mixed layer, while lateral transport
was unusually weak. However, the additional uptake of
COs from the atmosphere was not able to compensate
for the smaller lateral supply of sDIC, and since NCP
was about average, a distinct negative sDIC anomaly
resulted (see Fig. 2d). In contrast, during 1998 and
1999, lateral transport and air-sea exchange both con-
tributed anomalously large amounts of sDIC to the
mixed layer, while inorganic carbon removal by NCP
was again about average, leading to a positive sDIC
anomaly (see Fig. 2d).

In order to better understand the processes under-
lying these interannual fluctuations, we computed cor-
relations between interannual anomalies of all available
quantities. We first highlight correlations of the pro-
cesses with observations, and then the correlations be-
tween the processes themselves.

The strongest correlations between observed quan-
tities and our diagnosed results are found for SST
(Table 2). Temperature variability emerges thus as
the most important factor influencing the upper ocean
carbon cycle at Sta. ALOHA. Air-sea gas exchange
(r=—0.35) shows the highest correlation with SST, fol-
lowed by entrainment (r=+0.34). The latter correlation
is quantitatively not important, as interannual variabil-
ity of entrainment is small for the upper carbon cy-
cle near Sta. ALOHA (Fig. 3c). Correlations of lat-
eral transport and NCP with SST are small with re-
spect to all seasons (Fig. 3 and Table 2). However,
strong seasonal correlations appear when analyzing sep-
arately for winter (December-March), spring/summer

(0.5+£0.2mol m~2 yr~! for entrainment, 0.5+0.3 mol m—2 yr{April-July), and fall (August-November). In winter,

for vertical diffusion, 0.940.8 mol m~2 yr—! for lateral
transport, 1.040.1 mol m~2 yr~! for gas exchange, and
2.3+0.8mol m~2 yr=! for NCP [Keeling et al., 2004])
reveals that the former three are responsible for modi-
fications of their respective annual mean fluxes by 40—
100%.

Interannual variations of air-sea gas exchange, lateral

higher temperatures coincide with stronger than nor-
mal transport (r=4+0.59) and higher biological produc-
tion (r=—0.55). In spring/summer, the situation is re-
versed with positive correlations between SST and NCP
(r=+0.49). SST and lateral transport are correlated
only weakly (r=—0.07), then.

Air-sea gas exchange anomalies (Fig. 3b) are anti-
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Figure 3. Observed and diagnosed interannual variability at Sta. ALOHA. (a) SST anomalies, with a one year
smoothing spline fit (compare Fig. 2a), (b) air-sea gas exchange, (c¢) entrainment, (d) lateral transport and (e) net
community production anomalies. The lines in (b-e) represent +/— one standard deviation uncertainty estimates
from Monte Carlo experiments (calculation see Appendix B). Note that the ordinates for (a), (c), and (e) are
inverted. Numbers give the correlation between the time-series of SST and the respective process for the entire
year (first value) and for DJFM (second value).
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Table 2. Correlations between PDO, ENSO, and various observed and diagnosed quantities at Sta. ALOHA.
Correlations with p<0.05 are in bold face. See text and Appendix A for data sources.

property® PDO NINO3.4 WS SST sDIC pCO2 Gas. Ex. Diff. Ent. Lat. Trsp. NCP
PDO 1.00 0.47 -0.36 0.33 -0.42 -0.38 0.29 0.12 -0.06 -0.19 0.14
NINO3.4 1.00 -0.26 0.13 -0.21 -0.12 0.07 -0.05 -0.17 -0.20 0.23
WS 1.00 -0.72 0.39 -0.12 0.38 -0.02 -0.16 0.15 -0.26
SST 1.00 -0.50 0.16 -0.35 -0.05 0.34 0.11 -0.04
sDIC 1.00 0.42 -0.08 -0.11 0.09 0.03 0.07
pCO2 1.00 -0.68 -0.13 0.21 0.11 0.23
Gas. Ex. 1.00 0.03 -0.20 0.04 -0.39
Diff. 1.00 -0.13 -0.32 -0.14
Ent. 1.00 0.00 -0.01
Lat. Trsp. 1.00 -0.71
NCP 1.00

* WS: wind speed; NINO 3.4: ENSO index based on SST anomalies

correlated with pCOz (r=—0.68) and correlated with
wind speed (r=+0.38). This is a direct consequence
of our estimating of air-sea gas exchange as a prod-
uct of a wind-speed dependent gas exchange coefficient
and the air-sea CO, partial pressure difference. Air-
sea gas exchange and NCP are negatively correlated
with an annual correlation coefficient of r=—0.39 and
an even higher correlation for the spring/summer pe-
riod (r=—0.55). This correlation is likely caused by the
NCP induced changes in sDIC, which lead to changes
in surface ocean pCOs and therefore alter the magni-
tude of air-sea gas exchange. This explanation is sup-
ported by a positive correlation of pCOy and NCP dur-
ing spring/summer (r=+0.42).

Net community production and lateral transport are
highly anti-correlated throughout the entire time-series
(r=—0.71). The anomalies of these two quantities at
the beginning of the time-series (early 1989) (Fig. 3d
and e) need to be viewed cautiously, however, as they
are caused by a the steep initial rise and fall of the
d'3C spline-fit, which could be partly a fitting artifact
(Fig. 2e). Sensitivity tests show that this strong cor-
relation between NCP and lateral transport is robust
within the uncertainty bounds as shown by our Monte
Carlo simulations (see Appendix B) in Figure 3d-e. We
therefore do not attribute this correlation to the diag-
nostic model set up, in which NCP and lateral transport
are the two terms for which the DIC and DI**C mass
balances are solved for (see Keeling et al. [2004] for de-
tails).

This anti-correlation between NCP and lateral trans-
port stems from intensified biological production co-
inciding with increased carbon input by lateral trans-
port. A possible cause of this strong correlation is the
transport of nutrients that is associated with the lat-
eral transport of carbon. As biological productivity at

between 5°S and 5°N, and from 170°W to 120°W.

Sta. ALOHA is typically nutrient limited [Karl et al.,
1996], enhanced lateral supply of nutrients (especially of
dissolved organic phosphorus (DOP), which tends to be
higher upstream of the surface flow [Abell et al., 2000])
could lead to intensified NCP. Enhanced DOP could
provide the phosphorus necessary to enhance N fixa-
tion, which has been shown by Karl et al. [1997] and
Dore et al. [2002] to constitute a substantial fraction of
primary production at Sta. ALOHA.

In order to highlight the role of SST variations in
controlling interannual variability of the upper ocean
carbon cycle near Hawaii, we stratify our findings into
years with warm and cold SST anomalies (Figure 4).
In warmer than normal years, NCP tends to be re-
duced by about 0.09 mol m~2 yr~!, which acting alone
would cause increased sDIC, but this tendency is out-
weighed by weaker uptake of CO4 from the atmosphere
(-0.18 mol m~2 yr~!) and a weaker than normal addi-
tion of sDIC by lateral transport (-0.03 mol m~2 yr—1),
which leads to the observed negative sDIC anomalies
in warm years. During colder than normal years, the
situation tends to be reversed.

We refine this analysis by examining the seasonal
dependency of our results (Fig. 5). In winters of warmer
than normal years, weakened surface winds and higher
oceanic pCOy cause a lesser supply of COs to the mixed
layer than normal. Reduced input of sDIC by lateral
transport and to a lesser degree entrainment strengthen
the resulting negative sDIC anomaly, while a reduced
NCP compensates somewhat. In spring and summer of
warm years, lower than average uptake of COg from the
atmosphere continue to cause a negative sDIC anomaly.
The impact of this reduced supply is enhanced by a
shallower mixed layer, and partially offset by reduced
NCP. In winter, spring and summer of cold years, the
opposite is the case. In fall, the surface carbon cycle
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Figure 4. Mean annual flux anomalies for colder

than normal years versus those for warmer than nor-
mal years. The cold year averages consist of those years,
whose annual mean SST anomaly (determined from the
spline fit low-passed filtered data) was one half stan-
dard deviation below the long-term mean, i.e. 1990,
1993/94, and 1998/99, whereas the warm year averages
contain years, whose annual mean SST anomaly was
one half standard deviation above the long-term mean,
ie. 1992, 1996/97, and 2000.

at Sta. ALOHA varies little between warmer and colder
than normal years, except for lateral transport, which
tends to be a slightly stronger source in colder than
normal years.

5. Discussion of interannual variability
at Sta. ALOHA

5.1. Biological productivity

The availability of various estimates of carbon export
permits us to evaluate our diagnosed NCP values with
independent estimates. As in Keeling et al. [2004], we
extrapolate our results from the mixed layer to the eu-
photic zone by multiplying our mixed layer NCP values
by 1.25. Over the annual cycle, NCP can be regarded as
being numerically equivalent to export production, i.e.
the annual integrated loss of organic carbon from the
mixed layer, either in the form of particulate organic
carbon (POC), which tends to be exported vertically
by sinking, or in the form of dissolved organic carbon
(DOC), which can be exported both laterally and ver-
tically.

Fig. 6 shows a time-series of our extrapolated and
annually integrated NCP estimates in comparison with
various estimates of carbon export. As discussed by
Keeling et al. [2004], our long-term mean NCP is similar
to those reported previously. Since most studies pertain
to single years, no direct comparison can be made with
regard to interannual variability.
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Primary production (PP) was measured by '*C incu-
bation during nearly every occupation of Sta. ALOHA
[Karl et al., 1996; Lukas and Karl, 1999], permitting
us to investigate the relationship between annually in-
tegrated rates of PP and NCP (Figure 7a). If the ra-
tio between export production and PP (termed e-ratio
[Laws et al., 2000]) remained constant, all points would
have to lie along a single line, whose slope is equal to the
e-ratio. Figure 7a shows that about half of the points
indeed lie close to a line with a slope of 0.2, suggest-
ing that NCP and PP generally track each other well.
There are, however, a number of years that fall con-
siderably away from this line of constant e-ratio. The
most notable exceptions are 1991 with an e-ratio of 0.14,
2000 with an e-ratio of 0.15, and 1990 and 1994 with
e-ratios of 0.26. The anomalously low e-ratio in 1991
is mainly driven by lower than average NCP, the low
e-ratio in 2000 is caused by high PP. The anomalously
high e-ratio in 1990 is due to lower than normal PP
while 1994 both relatively high NCP and lower than
normal PP cause the high e-ratio.

The empirical relationship of Laws et al. [2000] pre-
dicts lower e-ratios during warm years and higher e-
ratios during cold years. However, these four years do
not stand out as being particularly cold or warm (see
Figure 2a). Therefore other reasons must be responsible
for these anomalies in the e-ratio.

The most important process that could cause a de-
coupling between PP and NCP is a change in ecosystem
structure, as this alters the efficiency with which organic
matter produced within the euphotic zone is remineral-
ized and respired. For example, one would expect that
an ecosystem shift, in which a higher fraction of freshly
produced organic matter ends up as DOC rather than
POC, would lead to a higher recycling efficiency, i.e.
lower e-ratio.

If this were the case, one would expect a relatively
good correspondence between the fraction of PP that
is exported as POC (pe-ratio, [Dunne et al., 2004]) and
the e-ratio. The ratio of these quantities is equal to the
fraction of export that occurs in form of POC, which we
term p-ratio. As Figure 7b shows, the relationship be-
tween POC export and NCP is rather variable, with the
early 1990s having high p-ratios, the years from 1992
to 1995 being characterized by low p-ratios, and the
years from 1996 to 2000 having intermediate p-ratios of
about 0.29 to 0.36. Thus 29% to 36% of export produc-
tion is exported vertically in the form of sinking POC.
Therefore, variations in the fraction of PP that goes
into particulate organic matter export do not appear to
be the cause of the variations in the e-ratio. Given the
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lack of any other characteristic anomaly that describes
the years 1990, 1991, 1994, and 2000 (see Figure 2) the
cause for the e-ratio variations remain unclear.

The observation that the relationship between ex-
port in the form of POC and NCP fall into three modes
merits further discussion. A similar grouping was ob-
served by Dore et al. [2002] when they investigated the
particulate organic nitrogen (PON) export variations
at Sta. ALOHA. Using measurements of the §!°N ratio
of PON, they determined the relative contribution of
N, fixation to PON export. Based on these data, they
suggested that times of record before 1991 can be char-
acterized as an “energetic period”, during which most
of the nitrogen was supplied to the upper ocean ecosys-
tem as nitrate. They postulated that the period from
1992 to 1995 was one of persistent stratification, with
low fluxes of nitrate and low contributions from Ny fix-
ation. They described 1996 to 2000, as a “moderate
period”, in which the supply of nitrate is relatively low,
but conditions for Ny fixation are favorable, leading to
a relatively high relative contribution of Ny fixation to
PON export.

Mapping these three periods onto 7b shows that dur-
ing the period of persistent stratification, i.e. 1992—
1995, the smallest fraction of export (25% and less) oc-
curs in the form of vertically sinking particles. The
remaining fraction of export must be exported as DOC
or through other means, such as vertically migrating
zooplankton [Steinberg et al., 2000]. In contrast, during
the “energetic period”, i.e. the early 1990s, almost 40%
of export occurs in the form of sinking particles. The
“moderate period” is characterized by intermediate val-
ues of 30% to 35%. The ecosystem changes that give
raise to these changes in the relative export of POC,
presumably versus DOC, are not clear, except that the
d'PN data suggest that it is not directly related to the
fraction of PON export that is fueled by Ns fixation.

5.2. Air-sea CO; fluxes

Air-sea CO5 flux variability in the North Pacific has
been simulated by two global three-dimensional coupled
physical-biogeochemical models that were forced with
observed variations in winds, and air-sea fluxes of heat
and freshwater [Le Quéré et al., 2000; McKinley et al.,
2004]. The modeled air-sea CO5 flux anomalies for the
grid-box that contains Sta. ALOHA are compared to
our observationally based flux anomalies in Figure 8.
In general, the model simulated interannual variability
is similar in amplitude to the observed air-sea CO4 flux
variability, but there exist substantial phase differences
between the two models, as well as between the models
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BRIX ET AL.

and observationally based estimates. A comparison of
SST anomalies between the models and the in-situ ob-
servations does not exhibit significant differences, nor
should the respective wind-speeds employed in these
studies be substantially different, as they are all directly
based on observations. Therefore, it appears that the
models have some difficulty in correctly modeling the
temporal evolution of the mixed layer DIC variations,
perhaps because of misrepresentations of variations in
biological productivity and/or lateral transport.

6. Interannual variability in the
subtropical gyres

Interannual anomalies of meteorological forcing at
an open ocean site such as Sta. ALOHA occur syn-
chronously over large areas, which may, for instance,
extend over a substantial fraction of the subtropical
gyre of the North Pacific. We therefore are interested
in establishing potential links between our local obser-
vations and large-scale phenomena that can reveal the
relevance of our results for the subtropical gyres as a
whole.

6.1. Connections to large-scale climate patterns

The El Nino-Southern Oscillation and the Pacific
Decadal Oscillation are the two known dominant cli-
mate modes in the North Pacific. With regard to
ENSO, only weak correlations with SST anomalies near
Hawaii could be established. The only meteorological
forcings near Hawaii that exhibit notable correlations
with ENSO are winds and precipitation, both of which
tend to decrease near Hawaii during El Nifio years [Ras-
musson and Carpenter, 1982]. Whether and how these
different meteorological forcings impact the upper ocean
carbon cycle near Hawaii and might lead to correlations
of upper ocean carbon cycle parameters with ENSO has
not been determined yet. Karl et al. [1995] and Karl
et al. [1996] argued that such a connection might indeed
exist, as they found that the increased stratification and
changed circulation pattern during the 1990-1992 pro-
longed ENSO event coincided with a nearly 3-year sus-
tained increase in primary production (PP). However,
their time-series was too short to substantiate this con-
clusion statistically.

Precipitation around Hawaii appears to be the fac-
tor most strongly connected to PDO, with drier con-
ditions prevailing during negative phases of the PDO.
Such changes in precipitation could impact the upper
ocean carbon cycle mainly through changes in surface
alkalinity, which alters the ability of the surface ocean
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Figure 8. Comparison of anomalous air-sea gas exchange flux estimates for Sta. ALOHA. Shown are our estimates
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[2000] (OPA model) and McKinley et al. [2004] (MIT model).

to contain DIC [Dore et al., 2003; Keeling et al., 2004].
Keeling et al. [2004] suggested that such a change oc-
curred in the late 1990s around Sta. ALOHA, when a
phase change of the PDO drove a substantial increase
in surface ocean alkalinity by increasing salinity, which
then caused an increase in surface ocean DIC. However,
more generally, the impact of PDO on interannual vari-
ability in the upper ocean carbon cycle has not been
established.

It is therefore of particular interest to investigate pos-
sible links between these two climate modes and the ob-
served variability at Sta. ALOHA. Figure 9 shows the
temporal evolution of the indices of these two climate
patterns (see Appendix A for sources) in comparison to
our diagnosed flux anomalies at Sta. ALOHA. As evi-
denced in this figure, and more particularly in Table 2,
the correlations of our diagnosed flux anomalies with
either PDO or ENSO are generally only small to mod-
erate.

For ENSO, none of our calculated quantities shows a
correlation that is statistically significant at the 95%
confidence level. For NCP and NINO3.4 (see Ap-
pendix A for reference) we determine a correlation value
of r=40.23. A correlation of more than r=40.35 found
for a 10 to 14 months lag (NINO3.4 leading) is similar
to the 10 months lag correlation identified by Dore et al.
[2002] between ENSO and PON export. These positive
correlations indicate that NCP is reduced during and
slightly after positive phases of ENSO. Diminished hor-
izontal transport of DIC, and perhaps of nutrients, to
the area near Sta. ALOHA is also indicated, possibly
explaining the lower productivity.

A positive correlation between ENSO and NCP over

our record period is evident from 1988 until 1991, while
ENSO was going from a La Nina phase into a nearly four
year persistent state of weak to moderate El Ninos. This
correlation supports the findings of Karl et al. [1995],
who hypothesized that the stratification of the upper
ocean during this period was increased, reducing the
input of new nitrate, enhancing Ny fixation, and reduc-
ing export. However, the impact of ENSO on biologi-
cal productivity at Sta. ALOHA appears intermittent.
There is no indication for changes near Hawaii associ-
ated with the 1997/1998 El Nino, which was one of the
strongest of the 20th century [McPhaden, 1999].

Correlations of upper ocean carbon cycle variability
near Hawaii with the PDO index are generally higher
than those for ENSO. In addition to warmer SST's, years
with positive PDO index tend to be associated with
lower wind speeds (r=—0.36) (Table 2). These correla-
tions can be explained by the weakening of the Aleu-
tian low during positive phases of the PDO and the
associated weakening of the high pressure system over
the subtropics (see e.g. Miller and Schneider [2000]).
The resulting reduction in the surface pressure gradi-
ent leads to a slackening of the winds over the North
Pacific, including Hawaii. These calmer than normal
weather conditions are associated with negative pCOq
anomalies (r=—0.38), but the effect on air-sea gas ex-
change is reduced, as the weaker winds tend to coun-
teract the effect of negative oceanic pCOsy anomalies,
yielding a correlation between PDO and gas exchange
of only r=+40.29. The lower than normal oceanic pCOq
during positive phases of the PDO are mainly a result of
negative sDIC anomalies (r=—0.42), which themselves
are caused by weaker than normal entrainment, lateral
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Figure 9. Comparison of interannual variability of carbon fluxes at Sta. ALOHA with indices of the El Nino-
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production are from Figure 3. See Appendix A for sources of ENSO and PDO indices.
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transport and reduced NCP. Neither of these correla-
tions are statistically significant, however.

Why are the correlations of variations of the up-
per ocean carbon cycle near Hawaii with ENSO so
small and why are they somewhat larger for PDO? Fig-
ure 10, which shows the correlations of SST anomalies
in the Pacific with ENSO, PDO, and SST anomalies
near Hawaii, provides preliminary answers. While SST
anomalies at Sta. ALOHA are highly correlated or anti-
correlated with SST anomalies over a substantial frac-
tion of the North Pacific (Fig. 10a, see also McGowan
[1995]), the correlations with the tropical Pacific are
small. The pattern of correlation of SST anomalies in
the Pacific with ENSO (Fig. 10c¢) reveals that this is
because Hawaii sits on the ridge (in SST) between a
region of strongly positively correlated SST anomalies
in the eastern and central tropical Pacific, and nega-
tively correlated SST anomalies in the north-western
subtropical and temperate North Pacific. This situation
leads to a very small correlation between SST anomalies
at Sta. ALOHA and the NINO3.4 index (r=+0.13, Ta-
ble 2). In contrast, the pattern of correlation between
SST anomalies in the North Pacific and those observed
near Hawaii shows some similarity with the subtropi-
cal and subpolar part of the PDO regression pattern
(Fig. 10Db), leading to a higher correlation coefficient
between SST anomalies at Sta. ALOHA and the PDO
index (r=40.33, Table 2).

A second reason for relatively low correlations be-
tween ENSO, PDO, and variations near Hawaii is that
these two modes together explain only about 30% of the
variance observed in various quantities in the North Pa-
cific. (Principal component analyses give values of 27%
for 31 climate time series in the North Pacific for PDO
related variability [Hare and Mantua, 2000], and 19%
for ENSO related variability.) This means that most of
the variance in climate variability in the North Pacific
is unrelated to either PDO or ENSO.

While correlations between variations at Sta. ALOHA
with ENSO and PDO on interannual time-scales are rel-
atively small, the impact of longer time-scale variations
in these two climate modes may lead to a larger im-
print. Keeling et al. [2004] suggested, for example, that
the marked increase in SSS and sDIC at Sta. ALOHA
in 1996/1997 (Figures 1 and 2) and the suppression of
the COs sink at Sta. ALOHA from 1996 to 2001 may
be connected to a large scale climate regime shift in the
late 1990s, which is possibly related to the PDO [Man-
tua and Hare, 2002; Chavez et al., 2003; Peterson and
Schwing, 2003].
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6.2. Air-sea CO; flux variability in the NPSG

The basin-wide scale of SST correlations in Figure 10
suggests that the observed interannual variability in the
upper ocean carbon cycle at Sta. ALOHA might be rep-
resentative of variability at least for the southern part
of the North Pacific Subtropical Gyre (NPSG). We in-
vestigate the implications of this hypothesis by estimat-
ing the magnitude of interannual variability of air-sea
fluxes for the area between 10°N and 30°N using two
extrapolation methods.

In the first method, assuming that the entire south-
ern NPSG varies in concert with Hawaii, we multiply
the gas exchange anomalies with the area (defined here
as the region between 10°N and 30°N, and 100°W and
100°E, i.e. 35.4x10'?m?), and obtain gas exchange
anomalies of £0.25 Pg C yr~!. In our second ap-
proach, relying on SST as our master variable, we use
observed SST anomalies and an empirically derived
temperature sensitivity of the gas exchange flux from
Sta. ALOHA to extrapolate our results to the south-
ern NPSG. Fitting a linear function by least squares
to a plot of our gas exchange flux anomalies, Fgag ox,
versus SST anomalies yields a slope of 0Fgas ex/0T =
—0.36 + 0.30mol m~2 yr~1(°C)~!. This compares to
a slope of —0.57 & 0.01mol m~=2 yr=1(°C)~! for the
seasonal cycle, i.e. a value within the bounds of the
analysis of the interannual anomalies. Multiplying the
interannual slope with the observed SST anomaly fields
yields gas exchange anomalies for the entire southern
NPSG of +0.08 Pg C yr—!.

The climatological annual net uptake of CO4 for the
same area is about 0.1 Pg C yr~! [Takahashi et al.,
2002]. Thus, interannual variability of air-sea COs ex-
change in the southern NPSG is likely to amount to
more than 50% of the mean uptake. The two biogeo-
chemical ocean models, whose air-sea flux variability at
Sta. ALOHA is shown in Figure 8, simulate air-sea COq
flux variability for the same area of +0.12 Pg C yr—!
[Le Quéré et al., 2000] and £0.07 Pg C yr=! [McKinley
et al., 2004], similar to our second SST derived estimate.

6.3. Comparing subtropical gyres: HOT versus
BATS

Analyses similar to those presented in this study have
also been performed for the subtropical gyre of the
North Atlantic using carbon data from the Bermuda
Atlantic Time-Series (BATS) site and from Hydrosta-
tion ”S” [Bates, 2001; Gruber et al., 2002]. BATS and
Station ”S” in combination and Sta. ALOHA share sev-
eral similarities, but due to the more southerly and cen-
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tral location within the Pacific subtropical gyre, the
seasonal cycle of heating/cooling is much smaller at
Sta. ALOHA, resulting in a reduced annual cycle of
SST and much smaller seasonal changes in mixed layer
depth. It is instructive to compare the magnitudes and
mechanisms of upper ocean variability in the carbon
cycle between the two sites.

The ranges of interannual variability (measured peak-
to-peak) are about the same at both sites (e.g. 1° to
1.5°C for SST, approx. 10umol kg~! for sDIC, and
0.1%0 for §'3C) with slightly higher values at BATS.
This contrasts to the seasonal amplitudes which are
twice as large at BATS (8°C vs, 4°C; 30-40pumol kg~!
vs. 15-20pumol kg=1; and 0.2%0 0.1%0) [Gruber et al.,
1998; Keeling et al., 2004]). Similar to findings at
Sta. ALOHA, Bates [2001] and Gruber et al. [2002]
found an anti-correlation between interannual anoma-
lies of SST and sDIC at BATS, but with a correlation
coeflicient that is higher than that at Sta. ALOHA. At
both sites, these anti-correlations lead to a suppression
of the correlation of both quantities with surface ocean
pCOs. On interannual time-scales, the forcing of tem-
perature on pCOy appears to be dominating over the
forcing by sDIC at BATS, while sDIC forcing tends
to dominate at Sta. ALOHA. Salinity and Alk are cor-
related at the North Atlantic station with a slightly
weaker coefficient (0.69 against 0.89 at the HOT site),
while SSS and sAlk show the nearly the same anti-
correlation at both sites. At BATS, §'3C is well cor-
related with SST, sDIC, and with mixed layer depth
[Gruber et al., 2002]. In contrast, 6*>C shows negligible
correlations with all other quantities at Sta. ALOHA.

Both sites show substantial interannual variability in
estimated gas exchange and NCP, which constitute two
of the three processes that dominate the carbon bal-
ance on interannual as well as on seasonal time scales.
The third dominant interannual contribution is entrain-
ment near Bermuda but lateral transport near Hawaii.
The range of the variabilities of these processes is sim-
ilar at both sites, with a tendency for higher values at
BATS. Air-sea gas exchange at both sites varies in con-
cert with SST and wind speed anomalies (near Hawaii
mainly during spring and summer). Variations in NCP
and entrainment near Bermuda are significantly corre-
lated with variations in mixed layer depths, probably
due to the associated changes in the entrainment of new
nutrients into the upper ocean. In contrast, due to the
absence of large variations in winter mixed layer depths,
variations in NCP near Hawaii are only weakly con-
nected to vertical nutrient supplies. The high correla-
tion of variations in NCP and lateral transport suggests,
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however, that this latter process is important in supply-
ing additional nutrients to the area north of Hawaii. In
summary, interannual variations of mixed layer depth
emerge as the main factor controlling interannual vari-
ability at BATS, while variations of SST and lateral
transport are the main processes at Sta. ALOHA.

The two stations differ with regard to the relation
of their interannual to decadal variability to large-scale
climate modes. On interannual time-scales, the link
between variability near Sta. ALOHA and ENSO is in-
termittent and weak, while this link is slightly stronger
to PDO. A stronger link to PDO on decadal time-scales
may exist, but the data record is too short to substan-
tiate this hypothesis. At BATS, the North Atlantic Os-
cillation (NAO) exerts a substantial influence on winter
convection and SSTs. This leads to interannual vari-
abilities of NCP and air-sea gas exchange fluxes that
are statistically well correlated with NAO [Gruber et al.,
2002]. In years with negative NAO index (i.e. a smaller-
than-normal latitudinal pressure gradient in the North
Atlantic) air-sea fluxes tend to be intensified and NCP
enhanced. Further changes associated with NAO have
been identified in the rate of DIC accumulation in mode
waters at BATS [Bates et al., 2002].

Let us now extrapolate the observed interannual air-
sea COq flux variability at BATS to the North At-
lantic subtropical gyre in a manner similar to that done
above for the subtropical North Pacific. A correla-
tion analysis of SST anomalies at BATS with those
for the entire North Atlantic shows that interannual
variability at BATS can be viewed as being represen-
tative for the North Atlantic subtropical gyre between
25°N and 45°N (15.3x10'2m?). A direct multiplica-
tion of the gas exchange fluxes at BATS with this sur-
face area yields an interannual variability of air-sea
CO, fluxes of approximately +0.15 Pg C yr=!. The
slope of the relationship between gas exchange and
SST is somewhat higher near BATS, with a value of
OF gas ox/0T = —0.98+£0.30 mol m~2 yr~1(°C)~!. Mul-
tiplying this slope with the observed SST anomalies
leads to a air-sea CO2 flux variability of +0.18 Pg C
yr~t. As the climatological mean COs uptake for this
area of the North Atlantic is 0.2 Pg C yr~! [Takahashi
et al., 2002], it appears possible that interannual vari-
ability might lead to £100% changes in this flux.

Air-sea CO5 flux variability estimated by the two bio-
geochemical models for the same area is substantially
smaller than our extrapolations. The OPA model of
Le Quéré et al. [2000] estimates an air-sea COy flux
variability of +0.04 Pg C yr~! and the MIT model
of McKinley et al. [2004] a variability of +0.07 Pg C

19

yr~!. Possible reason for this discrepancy might be our
choice of the gyre area. Takahashi et al. [2002] pointed
out that the seasonal cycle of pCOy changes from be-
ing controlled by SST south of 40°N to being controlled
by surface ocean DIC north of 40°N. This change may
also apply to interannual variations. Although it is not
clear whether the models are able to capture these pro-
cesses correctly, this change of the controlling variable
definitely would limit the validity of our extrapolation.

6.4. Subtropical gyres and atmospheric CO,

We return finally to our initial question about the
role of the subtropical gyres in modulating atmospheric
CO; on interannual time-scales. Our extrapolations
suggest that the air-sea COy fluxes in the subtropical
gyres of both the North Atlantic and the North Pa-
cific are modulated substantially about their climato-
logical means. Our estimated variability (between 40.1
and 0.2 Pg C yr~! for both extrapolations) refers to
roughly half the area of the respective subtropical gyres.
We cannot, however, assume that entire gyres, or even
larger ocean regions, act in phase, and we therefore can-
not simply add up the above peak-to-peak variations.
However, given the observation that high-latitude cli-
mate variability tends to be larger than that at mid-
latitudes, and that the tropical Pacific is known to vary
by up to +0.4 Pg C yr=! [Feely et al., 1999; Chavez
et al., 1999] there exists the possibility that the ocean
contributes substantially to the observed interannual
variability of atmospheric COs. A reliable quantifica-
tion, though is beyond the scope of this study.

7. Summary and conclusions

We examined interannual variability of the upper
ocean carbon cycle in the North Pacific Subtropical
Gyre on the basis of a 14-year time-series of carbon pa-
rameters measured at Sta. ALOHA, the site of the HOT
program. Our analysis is aided by concurrent measure-
ments of DIC and of its 13C/*2C isotopic ratio which
permits us, together with a suite of additional observa-
tions, to deduce quantitatively the contribution of the
various processes that control interannual variability at
this site.

This diagnostic analysis reveals that interannual vari-
ability in the oceanic carbon cycle at Sta. ALOHA is a
result of an interplay of air-sea gas exchange, net com-
munity production, and lateral transport, with sea sur-
face temperature and lateral transport being the key
external driving factors. The upper ocean carbon cycle
tends to be weakened in warmer and intensified in colder
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than average years. Reduced lateral transport and di-
minished uptake of CO5 from the atmosphere result in
lower DIC concentrations in warmer than average years,
despite a partial compensation by weakened NCP.

The influence of ENSO on the upper ocean car-
bon cycle is detectable during distinct El Nino events,
yet overall correlations of ENSO with the investigated
quantities are small and for the most part statistically
not significant. The Pacific Decadal Oscillation ap-
pears to be reflected more strongly in observations at
Sta. ALOHA, but also explains only less than 20% of
the observed variance.

Interannual variability of the upper ocean carbon cy-
cle at Sta. ALOHA is found to be of similar magnitude
to that observed at the BATS site in the subtropical
North Atlantic, although the variability there is more
strongly governed by mixed layer depth variations. Un-
der the assumption that both stations are representa-
tive for large parts of their respective gyres, we postu-
late that interannual variability in air-sea CO9 fluxes in
these regions is substantial. The observation of a sub-
stantial response of the ocean carbon cycle to changes
in meteorological forcing suggests that the ocean car-
bon cycle may respond quite sensitively to future cli-
mate change, possibly giving raise to positive feedbacks
in the earth system [Sarmiento et al., 1998; Plattner
et al., 2001; Gruber et al., 2004].
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Appendix A: Data Sources

For Pacific-wide variations in SST, we use Reynold’s opti-
mum interpolation (OI) data provided by the NOAA-CIRES
Climate Diagnostics Center, Boulder, Colorado, USA, from
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their web site at http://www.cdc.noaa.gov/. As an in-
dex for the Pacific Decadal Oscillation, we adopt that of
Mantua et al. [1997], which is based on the first principal
component of an empirical orthogonal function analysis of
monthly SST anomaly fields in the North Pacific. Values
of this index were supplied by N. Mantua (pers. comm.,
2003). We use the NINO3.4 index to describe the tem-
poral evolution of El Nifio-Southern Oscillation. This in-
dex is based on the monthly SST anomaly in the region
5°N to 5°S and 170°W to 120°W. Its values were obtained
from the U.S. National Oceanic and Atmospheric Adminis-
tration’s Climate Prediction Center through their website:
http://www.cpc.ncep.noaa.gov/data/indices/.

Appendix B: Uncertainties

Measurement techniques for the data set used in this
study have been described in detail in Appendix A of Keeling
et al. [2004], where accuracy and precision associated with
these measurements are listed. Unless stated otherwise the
uncertainties ascribed to observational data in the text of
this study refer to plus/minus one standard deviation.

To address uncertainties in the model parameters, Monte
Carlo experiments [Rubinstein, 1981] were performed (see
Gruber et al. [1998] for details), in which a random set of
values were chosen from a predefined parameter set (shown
in Table C4 in Keeling et al. [2004]) for each simulation.
From the results of these runs, a standard deviation was
computed for each term and for each time-step of the model.

Sensitivity studies regarding the number of harmonics
used for §'3C and variations in the horizontal DIC gradient
showed that the modeling results are quite robust. Using
only two harmonics for 6*3C for instance led to variations
of less than 5% for NCP and lateral transport fluxes.
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